1. Introduction {#sec1}
===============

All the components of the renin angiotensin system, including the receptors, have been found in brain tissue, indicating a role as a hormone or neuromodulator in the central nervous system \[[@B1], [@B2]\]. Angiotensin II (Ang II) exerts its principal known actions at the AT~1~ receptor. AT~1~ receptors are located in brain areas related to the control of neuroendocrine functions and the autonomic regulation of limbic and cardiovascular systems. The role of brain Ang II is complex and is related to control of the autonomic and hormonal system and sensorial and cognitive processes including regulation of cerebral blood flow \[[@B2], [@B3]\].

There is a large body of evidence, at pharmacological, neuroanatomical, and physiological level, supporting a key role for Ang II in the stress response, including regulation of the sympathetic and neuroendocrine systems. However, the results obtained using AT~1~ blockers as a pretreatment in animals exposed to different stress conditions, such as isolation, cold restraint, or novelty, suggest that their actions may not be limited to the hypothalamus-pituitary-adrenal axis only. In addition, pretreatment with candesartan, an AT~1~ blocker, prevents isolation-induced decrease in CRH~1~ receptors and the GABA~A~ complex in the brain cortex \[[@B4]\]. When the animals were tested in the plus maze they exhibited an increase in the parameters associated with anxiogenic effects. All these together strongly suggest a role for AT~1~ receptors not only in autonomic and hormonal but also in behavioural response to stress \[[@B4], [@B5]\].

The central nucleus of the amygdala (CeA) plays a critical role in integrating sympathetic and behavioural responses to stress \[[@B6]--[@B8]\]. The CeA is necessary for learning increased alertness to conditioned fear \[[@B9]\]. There are extensive and often reciprocal projections between the CeA and nuclei in the hypothalamus and medulla that regulate autonomic and cardiac functions \[[@B10], [@B11]\]. These observations underscore the importance of the CeA in modulating the hemodynamic and behavioural responses to stress. The CeA contains GABA receptors \[[@B12]\] that have been shown to inhibit hemodynamic and behavioural responses to stress \[[@B7]\]. The CeA also contains Ang II, angiotensin converting enzyme, and AT~1~ receptors \[[@B13]\] and it has been shown that Ang II is a key neurotransmitter in the CeA involved in regulation of sympathetic and hemodynamic responses to stress \[[@B8]\].

The accumulated evidences point to the central nucleus of the amygdala as the structure by which the information leaves the amygdala in the fear conditioning circuitry; lesions in this nucleus prevent both simple and differential conditioning in the fear response.

The purpose of this study was to determine the role of CeA Ang II and AT~1~ receptors in the potential fear induced by previous footshock stress measured as a decreased percentage of time spent on open arm exploration in the elevated plus maze. The fear-potentiated plus maze test may be a valuable tool in the search for novel anxiolytics and in the study of the neurobiology of fear potentiation, fear conditioning, and fear generalization \[[@B14]\].

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Wistar male rats, aged 90 days and weighing 250--300 g, were used. They were maintained under controlled conditions of temperature (21--23°C), humidity (20--25%), and light cycle of 12L : 12D (7:00--19:00 h). Standard rat food and water were freely available. All procedures were handled in accordance with the guidelines set by European Community Council (Directive 86/609/EEC), as approved by the Animal Care and Use Committee of the National University of Córdoba, Argentina.

2.2. Drugs {#sec2.2}
----------

Losartan or Ang II (Sigma-Aldrich) dissolved in 1 *μ*L of saline solution, immediately before the injection, was used.

2.3. Surgery {#sec2.3}
------------

Animals were anesthetized with ether and stereotaxically implanted with bilateral stainless steel cannula into the CeA. Coordinates for cannulae implantation were anterocaudal: −2.4; lateral: ±4.0; vertical: −7.2 mm, according to the Atlas of Paxinos \[[@B15]\]. The cannula consisted of an outer guiding cannula stainless steel tubing (23-gauge, 15 mm in length) and an inner removable stylet (30-gauge, 15 mm in length) to prevent the obstruction. After surgery, rats were housed individually and maintained undisturbed in recovery for a week.

2.4. Experimental Design for the Fear-Potentiated Behaviour Model {#sec2.4}
-----------------------------------------------------------------

In order to study the effects of AT~1~ receptor blockade and Ang II on fear-potentiated plus-maze behaviour \[[@B14]\] two groups of animals were used. The first group (control) of rats received no shocks. The second group of rats (fear-potentiated) received three footshocks 0.3 mA during 3 s separated by 30 s interval in a conditioning compartment on the first day. On the second day, the rats were exposed to their own training compartment, but this time the rats received no shocks (contextual conditioning). Directly thereafter, the animals received intra-amygdalar injections before being exposed to plus maze test. The following 6 groups: control saline, control Ang II; control losartan, fear-potentiated saline, fear-potentiated Ang II, and fear-potentiated losartan were tested.

2.5. Intra-Amygdalar Microinjection of Drugs {#sec2.5}
--------------------------------------------

The rats were gently wrapped in a cloth and manually restrained and injected bilaterally into the CeA using a 30 gauge stainless steel injection needles attached to a 10 *μ*L microsyringe (Hamilton Company, USA) by polyethylene tubing, introduced into the guide cannula (0.5 mm below the tip of the guide cannula). The animals received saline (artificial cerebrospinal fluid), losartan 4 pmol (specific AT~1~ receptor antagonist), or Ang II 48 fmol and 15 min later they were tested in the plus maze. The injection solutions were administered in a volume of 0.5 *μ*L in each side (gradually injected over the period of 1 min) into the CeA. The injection needles were left in place for additional 20 s to allow diffusion. The doses were selected on the basis of preliminary reports \[[@B16]\].

2.6. Apparatus and Behavioural Test {#sec2.6}
-----------------------------------

The plus maze was made of wood and consisted of two open arms (50 × 10 cm) and two enclosed arms (50 × 10 × 40 cm); it was elevated 50 cm above the ground. A video camera was mounted vertically over the plus maze and the rat\'s behaviour was recorded and digitalized on a computer located in an adjacent room. The testing room was quiet and dimly lit. Fifteen minutes after injection, each rat was placed in the central square of the plus maze, facing the closed arm, and was allowed 5 min to freely explore the maze. The time spent on the open arms, the open arm entries, extreme arrivals, the number of closed arm entries, and total distance was obtained using Tracker 4.62 software (open source physics. 2012). Grooming behaviour was considered an adaptation to stressful situations \[[@B17]\]. It includes nonambulatory stereotyped movements such as vibrating movements of forelegs, washing of forelegs and head, and cleansing of hind legs, tail, body, genitals, and scratching. The rats in video files were observed and scored as described \[[@B18]\]. All the sessions took place between 10 am and 1 pm.

2.7. Statistical Analysis {#sec2.7}
-------------------------

The Kolmogorov Smirnov test was used to ascertain Gaussian distribution of data. The data were analyzed using two-way ANOVA with saline, Los, and Ang II as drug factor and fear-potentiated and control as condition factor. If an interaction (condition × drug) and/or main effect were observed, pairwise comparisons were made using Bonferroni*post hoc* test. In all cases, a *P* \< 0.05 (two tailed) was considered significant. The results are reported as the mean ± SEM at *n* = 10--13 for each group.

3. Results {#sec3}
==========

3.1. Histology {#sec3.1}
--------------

When the testing was completed, the rats were sacrificed by decapitation and the brains were removed from the skull and fixed in 20% formalin solution. The brains were mounted and frozen in a cryotome and cut into 40 *μ*m sections. The block face was examined with 40x magnifying lens and the sections containing the injection sites were analyzed. Microscopic inspection of these sections served to ascertain the location of the cannulae tips. The locations were transferred to standard sections taken from a brain atlas \[[@B15]\]. Seven of the 72 operated rats were excluded from data analysis. The cannulae were not correctly positioned in the CeA. Only the data for those rats which had correct CeA cannulae placements was reported ([Figure 1](#fig1){ref-type="fig"}).

3.2. Closed Arms Entries and Total Distance {#sec3.2}
-------------------------------------------

The number of closed arms entries and the total distance are index of locomotor activity developed by each animal during the test \[[@B19]\]. The statistical evaluation by two-way ANOVA for the number of closed arm entries showed no significant effect of condition (fear-potentiated, control) *F*(1,59) = 3.78, *P* = 0.057, drug (saline, Los, and Ang II) *F*(2,59) = 0.4, *P* = 0.67, and interaction (drug × condition) *F*(2, 59) = 0.16, *P* = 0.85 ([Figure 2(a)](#fig2){ref-type="fig"}). Also, the total distance showed no significant effect of condition *F*(1, 59) = 0.42, *P* = 0.52, effect of drug *F*(2,59) = 0.73, *P* = 0.48, and interaction between both factors *F*(2, 59) = 0.34, *P* = 0.71 ([Figure 2(b)](#fig2){ref-type="fig"}).

3.3. Time Spent in Open Arms and Open Arm Entries {#sec3.3}
-------------------------------------------------

The number of entries and the percentage of time spent in the open arms were evaluated as anxiety index. This is a spatial-time behaviour validated in rats exposed to different experimental conditions \[[@B20], [@B21]\].

The open arm entries showed a significant effect of condition *F*(1,59) = 9.98, *P* \< 0.003. Subsequent pairwise comparisons by Bonferroni*post hoc*test indicated that there was a decrease in the fear-potentiated with respect to control condition in saline injected animals (4.57 ± 0.53 versus 2.5 ± 0.45, *t* = 3.54  *P* \< 0.01).

Significant effect of drug *F*(2,59) = 10.73, *P* \< 0.0001, was found. Ang II injection decreased the number of open arm entries in control condition (4.57 ± 0.53 versus  2.3 ± 0.18, *t* = 3.74  *P* \< 0.001), but not in fear-potentiated condition (2.5 ± 0.45 versus 1.88 ± 0.3, *t* = 1.07  *P* \> 0.05) compared to saline injected animals. There was no effect of losartan in both control and fear-potentiated conditions compared to saline injected group (4.3 ± 0.4 versus 4.7 ± 0.5  *t* = 0.47  *P* \> 0.05 and 3.5 ± 0.4 versus 2.5 ± 0.4  *t* = 1.9  *P* \> 0.05, resp.). Nonsignificant effect of interaction (drug × condition) was found, *F*(2,59) = 2.21, *P* = 0.12, ([Figure 2(c)](#fig2){ref-type="fig"}).

The time spent in open arms showed a significant effect of condition (control, fear-potentiated) *F*(1,59) = 6.43, *P* \< 0.02. Bonferroni*post hoc* test analysis showed a significant decrease in fear-potentiated with respect to control condition in saline injected animals (26.6 ± 4.5 versus 10.38 ± 2.6, *t* = 3.02, *P* \< 0.05); these results are in accordance with previous findings using this animal model \[[@B14]\]. Drug effect (saline, Los, and Ang II) was highly significant *F*(2,59) = 41.19, *P* \< 0.0001. Ang II injection decreased the time spent in the open arms with respect to saline treated animals in control condition (26.6 ± 4.5 versus 10.1 ± 3.1, *t* = 2.9  *P* \< 0.01); this response was not observed in fear-potentiated condition (10.4 ± 2.6 versus 7.8 ± 1.4  *t* = 0.47  *P* \> 0.05). Losartan injection in control and fear-potentiated condition induced a marked increase in this parameter with respect to saline injected animals (26.6 ± 4.5 versus 45.4 ± 3.4, *t* = 3.35  *P* \< 0.01 and 10.37 ± 2.6 versus 40.0 ± 5.4  *t* = 5.9  *P* \< 0.001, resp.) showing a complete reversion of the anxiogenic effect induced by fear-potentiated condition. No interaction effect was found, *F*(2,59) = 1.8, *P* \< 0.17, ([Figure 2(d)](#fig2){ref-type="fig"}).

3.4. Extreme Arrivals {#sec3.4}
---------------------

The arrival to the extreme portion of the open arms was considered another anxiety index \[[@B21], [@B22]\]. Two-way ANOVA showed a significant effect of condition (fear-potentiated, control) *F*(1,59) = 5.42, *P* \< 0.05. This behaviour was significantly decreased by fear-potentiated condition (2.14 ± 0.4 versus 0.75 ± 0.3, *t* = 3.2  *P* \< 0.01) and it showed a very significant effect of drug *F*(2,59) = 35.04, *P* \< 0.0001. Ang II injection decreased this parameter in control conditions compared to saline injected animals (2.14 ± 0.40 versus 0.15 ± 0.12  *t* = 4.4, *P* \< 0.001) but none in fear-potentiated condition (0.14 ± 0.15 versus 0.75 ± 0.3, *t* = 1.4  *P* \> 0.05). Losartan administration clearly reversed the decrease induced by fear-potentiated condition in saline injected animals (0.75 ± 0.3 versus 2.56 ± 0.36  *t* = 4.5, *P* \< 0.001). No interaction effect was found, *F*(2,59) = 2.6, *P* = 0.08 ([Figure 2(e)](#fig2){ref-type="fig"}).

3.5. Grooming Behaviour {#sec3.5}
-----------------------

The grooming is behaviour without spatiotemporal activity in the maze. It is sensitive to stress induced by novelty environment \[[@B18]\].

Statistical analysis of data revealed a significant effect of condition (fear-potentiated, control) *F*(1,59) = 16.34  *P* \< 0.001. There was a significant increase in fear-potentiated saline group with respect to control saline (1.59 ± 0.53 versus 5.18 ± 0.68, *t* = 2.93  *P* \< 0.05), indicating that exposure to fear-potentiated condition increased this behaviour. Drug effect (saline, Los, and Ang II) was highly significant *F*(2,59) = 26.95, *P* \< 0.0001. Ang II injection increased the score of grooming behaviour in control condition (1.59 ± 0.53 versus 5.0 ± 1.1, *t* = 2.7  *P* \< 0.05) and in fear-potentiated condition compared to saline group (5.18 ± 0.68 versus 11.33 ± 1.69, *t* = 5.0  *P* \< 0.001). The stimulation by Ang II injection was higher than fear-potentiated stimulation (5.18 ± 0.68 versus 11.33 ± 1.69, *t* = 5.0  *P* \< 0.001). Losartan decreased this behaviour only in fear-potentiated condition compared to saline injected animals (5.18 ± 0.68 versus 1.43 ± 0.37, *t* = 3.28  *P* \< 0.01) showing that fear-potentiated condition can induce grooming behaviour by stimulation of CeA AT~1~ receptors. In this case, there is a significant drug × condition interaction effect *F*(2,59) = 9.67, *P* \< 0.001, indicating that the drug effect depends on condition ([Figure 2(f)](#fig2){ref-type="fig"}).

4. Discussion {#sec4}
=============

The main finding of this work is that Ang II AT~1~ receptors in CeA are involved in the fear conditioning process expressed in the fear-potentiated plus-maze behaviour. The model of fear-potentiated plus-maze behaviour chosen for the present work gives a valuable measure in the understanding of neural mechanisms involved in the anxiety state and in the search for novel anxiolytics, in contrast to the normal elevated plus maze, which measures innate fear of open spaces; fear-potentiated plus-maze behaviour reflects an enhanced anxiety state \[[@B14]\]. The neural mechanisms involved in fear-potentiated plus-maze behaviour (state anxiety) compared to spontaneous plus-maze behaviour (trait anxiety) are quite different because in anxiety state a cognitive appraisal of threat is a prerequisite for the experience of this type of emotion, whereas, in trait anxiety, the existence of stable individual differences is characteristic. Moreover, it is known that fear conditioning processes may contribute to such disorders as phobia, excessive fear, anxiety, posttraumatic stress, and panic \[[@B23], [@B24]\]. For these reasons, studying fear-potentiated plus-maze behavior is of interest. In fear conditioning, both hippocampus and amygdala play important roles. Since Ang II AT~1~ receptors are present in the brain and there is a growing body of evidences supporting a key role for these receptors in the stress response at different brain levels and in the amygdala it was considered important to study the possible role of this system in this behavioural model.

In our experiments, it was corroborated that the fear-potentiated condition decreased the time spent in the open arms in the elevated plus maze. The losartan administration in CeA totally prevented this response, showing that the AT~1~ receptor blockade induced an anxiolytic effect. Meanwhile, losartan did not affect the number of open arms entries in control and fear-potentiated conditions compared to saline injected group. The closed arms entries and the total distance were not affected in any of the experimental conditions analyzed. This last one strongly indicates that the change found in the time spent in the open arms is only a reflection of anxiety because the locomotor activity was not affected.

Emotional aspects of Ang II activity have been raised by several authors. Anxiolytic properties of the AT~1~ receptor antagonist losartan described suggested anxiogenic potency of the AT~1~ stimulation \[[@B25]\]. This was supported by studies showing reversal of anxiogenic action of i.c.v. Ang II by an equimolar (low) dose (2 nmol) of i.c.v. losartan \[[@B26]\]. Moreover, anxiogenic profile of transgenic (mREN2) 27 rats characterized by increased level of brain angiotensin and fulminant hypertension \[[@B27]\] points to the increased emotionality caused by Ang II.

Ang II and AT~1~ receptors exist in the amygdala and, in particular, in the CeA \[[@B13]\]. Microinjection of Ang II in the amygdala of the rat increases the discharge rate of amygdalar neurons and the increase can be blocked by AT~1~ receptor antagonists \[[@B28]\]. Although studies of the specific role of Ang II in the amygdala are limited, it has been shown that Ang II microinjection into the CeA reduced sexual behaviour \[[@B29]\] and the blockade of AT~1~ or AT~2~ receptors in the CeA prevented the effect of stress and the effect of Ang II microinjection into this nucleus on sexual receptivity \[[@B30]\]. Moreover, the CeA has been implicated in anxiety, meanwhile, the basolateral amygdala in the stress response and memory \[[@B16]\]. The above evidences agree with our present findings that show an anxiogenic effect of Ang II in CeA when tested in the plus maze. The Ang II effects could be mediated by its action on AT~1~ receptor based on the evidences pointed above \[[@B13], [@B28], [@B29]\] and the results obtained with the AT~1~ receptor antagonist used in the present work. This would explain the decrease in the parameter of open arm entries, time spent in open arms, and extreme arrivals induced by Ang II injection in control conditions interpreted as an anxiogenic effect. Interestingly, the Ang II administration in fear-potentiated condition did not modify the time spent in open arms or extreme arrivals. This could be because the fear-potentiated condition induced a greater stimulation of AT~1~ receptor reaching the maximum response for this behaviour and did not invalidate the results obtained with Ang II in control conditions because each behaviour could have different maximum values.

It has been shown that AT~1~ receptor antagonists reduce stress responses and anxiety in rodents preventing sympathoadrenal response to stress and its gastric consequences and confirming the role of Ang II as a stress hormone \[[@B31]--[@B33]\]. Peripheral administration of losartan attenuated motor hyperactivity and anxiogenic behaviour in hypertensive rats and induced anxiolysis in normotensive rats showing a behavioural profile very similar to diazepam, as observed in elevated plus maze and social interaction tests \[[@B34]\]. In the same way, intracerebroventricular administered valsartan, another AT~1~ antagonist, has shown anxiolytic-like effects in the plus maze test \[[@B35]\]. Blockade of the AT~1~ receptors or angiotensin converting enzyme inhibition decreases hypothalamus-pituitary-adrenal axis reactivity independently from the blood pressure decrease \[[@B36]\].

Our data indicate that the parameters, time spent in the open arms, and extreme arrivals are the most sensitive markers to stress because the footshock stress and reexposure to stress context significantly decrease them. In this sense, our findings, with respect to the degree of decrease in the time spent in the open arms induced by context reexposure, agree with the findings of Korte and De Boer \[[@B14]\].

Since losartan microinjection in CeA totally reversed the anxiogenic effect induced by fear-potentiated it could be suggested that the Ang II AT~1~ receptors in this brain area are involved in the generation of the anxiety state.

Another parameter analyzed was the grooming behaviour, characterized as a nonambulatory stereotyped movement and described as a response associated with the restoration of homeostasis in a stress situation. In this way, the animals under fear-potentiated condition would spend more time in grooming than the animals in control condition \[[@B18]\]. This could explain our findings with Ang II microinjected in CeA that significantly increased the grooming behaviour score. Losartan microinjected in CeA blunted the increase in the grooming behaviour induced by fear-potentiated condition, suggesting that the AT~1~ receptors in CeA are involved in the stress response associated with this behaviour. This is in accordance with our previous findings, showing that intra-amygdalar AT~1~ receptor blockade has an anxiolytic effect when tested in the plus maze under basal conditions or after a previous restraint stress \[[@B16]\]. Interestingly, other laboratories found that losartan enhances the extinction of fear memory and they also found a decrease of AT~1~ receptors in amygdala of losartan treated mice \[[@B24]\]. These findings support the view that the AT~1~ receptors are involved in the aversive memory giving a role for Ang II in fear-related neurobiological processes. The results of the present study where the anxiety state is induced by fear, involving an emotional learning blunted by intra-amygdalar losartan administration, are according to the findings described above. Based on these last evidences, it is possible to suggest that the Ang II AT~1~ receptors activation in the amygdala could be playing a central role in the emotional learning process.

The evidences point to Ang II as a peptide that facilitates the dopamine release through the AT~1~ receptors on presynaptic neurons \[[@B37]--[@B39]\]. It has been found that AT~1~ receptor activation in the hypothalamus and striatum produced an increase in extracellular dopamine levels \[[@B38], [@B40]\] and this effect was totally abolished by losartan \[[@B38]\]. The increase in dopamine levels in the striatum is generally associated with augmented locomotor activity; meanwhile in the amygdala it is related to anxiogenic behavioural responses \[[@B40]\]. Based on these evidences, it is possible to suggest that the AT~1~ receptor blockade would be affecting the dopamine levels in amygdala as it was described in other brain areas.

The stimulation of the hypothalamic-pituitary-adrenal-axis induced by neuronal amygdala activation, modulated by AT~1~ receptors, could induce CRH synthesis and release and stimulate noradrenergic activity in the amygdala and PVN and mediate in part the glucocorticoid release that occurs in stress conditions \[[@B8]\].

Considering the results obtained in the present work, together with the previous evidences, it is possible to postulate that AT~1~ receptors in CeA are involved in the generation of the anxiety state. The studies on the physiological and pathological role of brain Ang II aim to encourage the study of this system in the context of the search for new pharmacological tools in the treatment of stress-related disorders.
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![Histological cannulae placement of rats used in the plus maze test. Schematic representation of histological findings in frontal brain sections showing the location of the injection site. The values at the right represent the distance in respect of bregma (modified from Paxinos, 1997). ● Injection placement.](BMRI2014-183248.001){#fig1}

![Number of closed arm entries (a), total distance (b), open arm entries (c), time spent in the open arms (d), number of extreme open arm arrivals (e), and grooming behaviour (f). The data are expressed as the mean ± SEM. Saline (Sal), angiotensin II (Ang II), and losartan (Los). \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 versus control saline group. ^oo^ *P* \< 0.01 and ^ooo^ *P* \< 0.001 versus fear-potentiated saline group.](BMRI2014-183248.002){#fig2}
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